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AnnomanuH . OyHAaMenrajibHbie npHHipinbi oGyneHHH b HenpoHajibHbix ccthx b 
nOCJTC^HCC BpCMJI mHpOKO HCCJieAyeTCa Ha MOACJTH AHCCOHHHpOBaHHbIX 
KyjibTypax kjictok M03ra, BbipamHBacMbix Ha MyjibTiiajicKTpojjHbix MaTpiiiiax. 

TaKHe cHCTeMbi noiBOJiaioT KaK perHCTpnpoBaTb SHoajicKTpHHccKyio aKTHBHocTb 
C pa3JIHHHbIX TOHCK CeTH, TaK H CTHMyjIHpOBaTb ee no 'jajjaHHOMy 3JTCKTpOAy. 
IIOKa3aHO, HTO B HeiipoHHbix CeTHX, (jlOpMHpyeMbIX B pa3BHTHH KyjIbTyp, MOIKHO 
nOJiyHHTb yCJIOBHblH 6H03JICKTpHHCCKHH OTBeT Ha 3JICKTpHHCCKHH CTHMyjI, 
npcubaBjTacMbiH Ha otjjcjibhom ynacTKc HenpoHHOH cera (ajieKTpOAe). TeM He 
MeHee, CTa6njibHOCTb h BOcnpOH3BOAHMOCTb ycaoBHbix otbctob ao chx nop 
ocTacTca ochobhoh npo6jieMon. B jjaHHon pa6oTe npcAJiaracTCH hobbih noAxoA k 
peajiH3au;HH 3KcncpHMCHTajTbHoro npoTOKOJia o6yncHna c o6paraoH cbtibio, 
nOSBOJIJHOUJHH (jlOpMHpOBaTb BOCnpOH3BOAHMbIH yCJIOBHblH OTBeT B 
HCHpOHciJTbHOH CeTH. 

Kjitoneebie cnoea: neupon, neuponajibnue cemu, MyjibtnuojiexmpodnaH Mampuifa, 
neupoanuMam, cnauxu. 


1. BBEflEHHE 

flHccoijHHpoBaHHbie KyjibTypbi HeiipoHajibHbix kjictok, BbipameHHbie Ha 
MyjTbTH3jieKTpoAHbix MaTpHijax, npeACTaBjiaioT co6oh OAHy H3 coBpeMeHHbix MOAejieii 
HCCJieAOBaHHa MexaHH3MOB KOAHpOBaHHH HH(J)OpMaU,HH, HeftpOHajIbHOH njiaCTHHHOCTH, 
oSynenHa h namra b M03re Ha ceTeBOM ypoBHe in vitro [1, 2, 3]. ILiaHapHbie 
MHKp03JieKTp0AbI TBKHX MyjTbTH3JieKTpOAHbIX MaTpHIJ n03B0JTHK)T HenpepbiBHo 
perHCTpnpoBaTb 6H03JTeKTpHHeCKyiO aKTHBHOCTb KJieTOK H OAHOBpeMeHHO B03AeHCTB0BaTb 
SJieKTpHHeCKHMH CTHMyjiaMH Ha KJieTKH B pa3HbIX ynaCTKaX HeHpOHHOH CeTH. C Apyroil 
CTOpOHbl, MaTpHHbl nOJIHOCTbK) AOCTynHbl Jim OlITHHeCKOTO HMHATKHHTa aKTHBHOCTH c 
HCn0JIb30BaHHeM, KaK BpeMeHHO BBOAHMbIX (JlJiyOpOCjlOpOB, TaK H BCTpoeHHbIX 
(JuiyopeciieHTHbix 6 cjikob kjictok TpaHcreHHbix acHBOTHbix. flpyrHM aoctohhctbom 
K yjibTypajibHbix 3KcnepHMCHTajibHbix MOAejieH HBJiaeTca yAoOcTBo bo3achctbhh Ha 
OTAejTbHbie KJieTKH HJIH HX nOAnOHyjHHlHH npH nOMOHIH MeTOAOB OnTOreHTHKH, 
no3BOJiaiomHx H36HpaTejibHo B036yacAaTb hjih noAaBjurrb aKTHBHocTb HepBHbix kjictok. 

KjieTKH, H3BjreHeHHbie H3 rannoKaMna 3m6phohob MbirneH (Ha 18-h AeHb pa3BHTHs), 
KyjibTHBHpjHOTca HenocpeACTBeHHo MyjibTH 3ji eKTpo ahoh MaTpHpe. B TeneHHe 2-4 HeAejib 



nHMAIUKHH h up. 


ohh (J)opMHpyioT HeHpoHHyio cexb, cnoco6Hyio reHepHpoBaTb cnoHTaHHbie iia L ic L inbie 
pa3pa^bi ^jTHTejTbHocTbK) 50-300 MceK h Hacxoxoii noBxopcHHa 0.1-1 Tu;. nocjieAHHe 
HccjieAOBaHHa noKa3biBaioT, hto npocTpaHCTBeHHo-BpeMeHHoe pacnpeAejieHHe HMnyjibcoB 
(cnafiKOB) BHyxpn TaKHx pa3paAOB oOjraAaex cxaxHcxHHecKoii BocnpoH3BOAHMocxbK> [4—9]. 
BocnpoH3Bo^HMaa cTpyKTypa pa3pa^a cooTBeTCTByeT Hajinnnio cxa6HjibHOH cHHanxHHecKoii 
apxHTeKTypbi b KyjibxypajibHoii HefiponajibHOH ceTH. H3MeHeHHe cTpyKTypbi paspmia h, xaic 
cjieACTBMe CHuairiHHecKOH apxHTeKTypbi, Moacex npoHcxoAHXb noA B03AeiicxBHeM cxHMyjroB 
(cexeBaa cHHanxHHecicaa njiacxHHHocxb) h Hcnojib30Baxbca pjin (JiopMHpoBaHHa HeiipoHHOH 
ceTbio aAanTHBHbix oxBexoB. 3xa aaAana aBjiaexca oahoh H3 npHopnxexHbix npn co3AaHHH 
CHCTeM HHTep<|)eHca MeacAy cnrHanaMH acHBbrx KjreTOK h HCKyccTBeHHbiMH 

HCnOUHHTeUbHblMH yCXpOHCXBaMH J\m MoSMJIbHbIX 6HOpo6oTOB (HeiipoaHHMaTOB) [10, 5]. 
TaKHe Hefipo™6pHAHbie cHcxeMbi oObeAHHaTomne «M03r» - ceTb HeftpoHOB in vitro, h 
«xejio» - po6oTa b BHpxyajibHoii hjih peajibHOH cpe^e, co3Aaiox yHHKajibHyio 
HccjieAOBaTenbCKjno njiax<f>opMy coBpeMeHHOH HeiipoSHOJTorHH 3a cnex HurerpauHH 
KJieXOHHOH 3KCnepHMeHXajIbHOH MOAeJTH c nOBeACHHeM. 

Ilpn HccjieAOBaHHH Bbi3BaHHbix oxBexoB b KyjibxypajibHbix HeiipoHajibHbix cexax 
H3BecxHO, hxo HH3KonacxoxHaa 3JieKxpHHecKaa cxHMynapHa Kyjibxypbi OnnojiapHbiMH 
HMnyjibcaMH c Hacxoxoii 0.03-0.1 Tu;, npHjioaceHHaa k OAHOMy H3 sneKxpoAOB Ha 
MyjibXH3jieKxpoAHOH Maxpnpe, Bbi3biBaex cexeBbie oxBexbi b bhac nanex HMnyjibcoB, 
AJiamneca b xeneHne coxeH MHjuiHceKyHA nocjre cxHMyjra [11, 12]. OAHaKo, npn nacxoxe 
cxHMynapHH 1-5 Tu: SojibmHHCXBO cxHMyjroB He Bbi3biBaex nanex HMnyjibcoB hjih oxBex cexn 
co BpeMeHeM yMeHbinaexca [13, 14, 3]. IloKa3aHo, hxo HH3KOHacxoxHaa cxHMyjiapna He 

BbI3bIBaeX HH KpaXKOBpeMeHHbIX HH AOJiroepOHHbIX H3MeHeHHH (JjyHKAHOHajIbHOH 
cxpyKxypbi HeiipoHHOH cexn h oxBexa Ha cxHMyji [15]. TeM He MeHee, b paAe HccjieAOBaHHH 
ycxaHOBjieHo H3MeHeHHe cxpyKxypbi b cnoHxaHHo reHepnpyeMOH naneHHoii aKXHBHocxH h 
(JjyHKAHOHajIbHOH CB33aHH0CXH nOA AeHCXBHeM HH3KOHaCXOXHOH CXHMyjiapHH [3, 16, 17, 18]. 

B 2001 roAy 6bur npeAJioaceH npoxoKOJi oSyneHna b Kyjibxype Kjiexox xopbi M03ra, Ha 
ocHOBe HH3KonacxoxHOH cxHMyjiapHH (1-0.3 rn) c o6paxHOH cBaabK) [14]. HH3KOHacxoxHaa 
cxHMyjiapHa HenpepbiBHO noAaBajiacb Ha Kyjibxypy Kjiexox h npn AoexHaceHHH 3aAaHHoro 
noporoBoro oxBexa, b BHAe onpeAejieHHoro HHCJia HMnyjibcoB, cxHMyjnmHa Ha Bpcivia 
oxKjHOHajiacb. 3axeM ahkjt cxHMyjiapHH ao AocxnaceHHa 3aAaHHoro oxBexa noBxopajica. 
Bbuio noKa3aHo, hxo b HeiipoHajibHbix Kyjibxypax BpeMa xpe6yeMoe AJia Bbi30Ba 3aAaHHoro 
oxBexa yMeHbmajiocb. C Apyxoii cxopoHbi, HH3KOHacxoxHaa cxHMyjnmHa 6e3 o6paxHOH cbsbh 
He Bbi3biBajia noAo6Hbiii 3(|)(])eKx. /JaHHbiti npoxoKOJi o6yneHHa 6bui BocnpoH3BeAeH b paAe 
pa6ox [19, 20, 21, 3]. fljia o6yneHHa b HeHpoHHoii cexn Bbi6Hpajica HH3KoaKXHBHbiii 
3jreKxpoA , Ha KoxopoM b 3aAaHHOM Anana30He nocjie cxHMyjia perHcxpHpoBajica b cpeAHeM 
oahh HMnyjibc 3a Aecaxb cxHMyjioB (R/S = 0.1). B Apyxoii pa6oxe [22] AJia oSyneHHa 
Hcnojib30Bajica sjiexxpoA co cpeAHHM 3HaHCHMCM R/S = 0.5. Ilpn AnHxenbHoii cxHMyjiapHH 
(6ojiee rnecxH ljhkjtob cxHMyjiapHH) BpeMa AocxnaceHHa oxBexa He yMeHbuiajiocb. 

U,ejibio AaHHoii pa6oxbi aBjiaexca pa3pa6oxxa aAanxHBHoii moacjih npoxoKOJia oSyneHna 
HeiipoHHOH cexn KjrexoK mnnoxaMna in vitro. IIpeAnoaceH MexoA aAanxapHH npoxoKOJia 
o6yneHHa k aKXHBHocxH oSynaeivioro ajiexxpoAa. MexoA no3BOJiaex Hcnojib30Baxb j\m 
oSynenna 3jreKxpoAbi, oxBexbi R/S na xoxopbix b kohxpojibhoh cxHMyjiapHH 6bijih b 
AHana30He ox 0.1 ao 0.5. Ilopor aa» oOyneHHa Bbinncjiajica aBxoMaxHHecKH Ha ocHOBe 
3HaneHHH oxbcxob R/S. /JaHHbiii noAXOA noaBOJiaex npHMeHaxb npoxoKOJi oOyneHHa aa» 
6ojibHiHHcxBa 3JieKxpoAOB MaxpHpbi. Ilocjie oSyneHHa H3MeHeHHa BpeMeHH AocxHaceHHa 
3aAaHHoro oxBexa Ha cxHMyji eoxpaHajiHCb b xeneHHe 1.5 nacoB. 
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MOREJih OEyHEHMfl HEMPOHHbIX CETEMB KyjlbTyPAX KJIETOK mnnOKAMTIA IN VITRO 

2. MATEPHAJIBI H METOflBI 
2.1. KyjIbTHBHpOBaHHe HepBHbIX KJieTOK 

KneTOHHbie KyjibTypbi 6bijih nojryneHbT ot 1 8-AHeBHbTx 3m6phohob (El 8) 6ejibix 
SecnopoAHbix Mbinien. OcHOBHbie npaBHJia coAepacaHHa h yxoAa 3a 3KcnepMMeinajibHbiMH 
aCHBOTHbIMH COOTBeTCTBOBaJIH HOpMaTHBaM, AaHHbIM b IlpHKa3e MHH3ApaBa Pocchh N° 267 
ot 19.06.2003 «06 yTBepacAeHHH npaBHji jiaSopaTopHoh npaKTHKH b Pocchhckoh 
<t>eAepapHH». /jHccopHHpoBaHHe KJieTOK AOCTHrajiocb nyTeM o6pa6oTKH TKaHH mnnoxaMna 
0.25% TpmicHHOM (Invitrogen 25200-056). KjreTKH KyjibTHBHpoBajiH Ha 64-3JieKTpoAHbix 
MaTpnpax (Alpha MED Sciences, Japan). npeABapmejibHo aho MaTpHii; o6pa6aTbiBajiocb 
nojiHSTHjieHHMHHOM (Sigma P 3143), cjiyacHBiiiHM Ana aAre3HH KJieTOK. HcxoAHaa 
nnoTHocTb KjieTOHHOH KyjibTypbi cocTaBHjia 8000 kjictok/mm 2 (pnc. 1). IIoAAepacaHHe 
5KH3Hecnoco6HocTH KJieTOK ocymecTBJTHJiocb b KyjibTypajibHOH Heiipo6a3ajibHOH cpeAe 
Neurobasal™ (Invitrogen 21103-049) b KOMnneKce c 6HoaKTHBHoM Ao6aBKoii B27 
(Invitrogen 17504-044), rjiyraMHHOM (Invitrogen 25030-024) h 3M6pHOHajibHOH Tejianbefi 
cbiBopoTKoii (IJaHDKO K055) b HHKySaTope (MCO-18AIC, SANYO)npH no ctohhhbix 
ycjioBHax: TeMnepaType 37°C, 100% BJiaacHocTH, h 5% CO 2 b B03Ayxe. Ahth6hothkh h 
npoTHBorpH6KOBbie npenapaTbi He Hcnojib30BajiHCb. Pa3BHTHe tjihh He noAaBJiajiocb, 
nocKOJibKy rjinajibHbie KjieTKH Heo6xoAHMbi AJia AnHTejibHoro coxpaHeHHa 
5KH3Hecnoco6HocTH KyjibTypbi b ycjioBHax in vitro. IlojioBHHa o6beMa cpeAti MeHajiacb Ha 
HOByio KaacAbie Asa Ana. DKcnepMivieHTbi npoBOAHJin nocae 3-6 HeAenb pa3BHTHa KyjibTyp 
KJieTOK in vitro. 3to o6ecnenHBajio (JjyHKHHOHajibHoe h CTp y KTyp h o e co3peBaHHe 
HefiporjiHajibHbix ceTefi [23, 24]. 



Phc. 1 . A. <t>parMeiiT KyjibTypH ktotok nranoxaMna Ha MyjTbTH'jjieKTpoaHoM MaTpHue. Pa3Mep 
ajieKTpoaa 50mkm x 50 mkm h 150mkm Mexcjiy ajieicrpoflaMH. B. PerHCTpnpyeMbiH otbct Ha 3JieKTpoae b 
OTBeT Ha ajieKTpHHecKHH cTHMyji. CTpejiKOH oTMenen apTei])aKT cTHMyjia. 

2.2. PerHCTpapHH 6H03JieKTpHHeCK0H aKTHBHOCTH 

BHeKjieTOHHbie noTeHijHajibi perncTpiipoBajiHCb oAHOBpeMeHHo Ha 64 (8x8) naocKHx 
sjieKTpoAax H3 naaTHHbi, MyjibTHSjieKTpoAHOH MaTpHLjbi MED64 (Alpha MED Science, 
Japan). Pa3Mep MHKposjierrpoAOB 50 mkm x 50 mkm h 150mkm MeacAy sneKTpoAaMH 
(pHc. 1A). 3anHCb nponcxoAHJia c nacTOTOH AHCKpeTH3au;HH cnniajia 20Krp/KaHaji. CncTeMa 
c o6paTHofi cBa3bio, BKjHonaiomaa aHajiH3 cnraana b peajibHOM BpeMeHH h cTHMyaapmo, 
BbmojiHajiacb c noMombio pa3pa6oTaHHOH nporpaMMbi b cpeAe Labview®. 
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2.3. ,ZI,eTeKTHpoBaHHe HMnyjibcoB 

fleTeKTHpoBaHHe BHeKjreTOHHo 3aperHCTpHpoBaHHbix HMnyjibcoB Obtjto ocHOBaHo Ha 
BbiHHCJieHHH Me^HaHHoro nopora cnrHajia: 

T = N,o,o = median \ _LfL | (1) 

s ^ 0.6745 J 

iyje x - 3to cnrHaji c <|)HJibTpoBaHHOH nojiocoH nacTOT (0.3-8 kFu;), a - sto opeHKa MeAnaHbi, 
HopMHpoBaHHaa Ha CTanzjapTHoe OTKjroHeHHe cnrHajia c HyjieBbiM hhcjtom HMnyjibcoB [25] h 
NS = 4 - K03(|)(|)Hu;HeHT AeTeKTHpoBamia HMnyjibcoB, onpeAejiaiomHH nopor 

^eTeKTHpoBaHHa [9]. OraH^apTHoe otkitohchhc cnrHajia, BKjnonaa TayccoB myM, paBHo 
MeAHaHe a6cojHOTHbix 3HaneHHH 3Toro cnrHajia, AeJieHHbix Ha 0.6745. TaKHM o6pa30M, 
3HaHeHHe 0.6745 - sto 3HaneHHe HopMHpoBaHHa MeAnaHbT Ha CTaHAapTHoe otkjiohchhc 
cnrHajia [25]. CneAyeT otmcthtb, hto MHHHMajibHbiH MeacHMnyjibCHbiH HHTepBaji, 
HCKjHonaiomHH nepeKpbiBaHHe coccahhx HMnyjibcoB, cocTaBjian 1.5 mc. 

2.4. IIpOTOKOJl CTHMyjlHUHH 

fljia reHepan,HH cTHMyjioB 6bui Hcnojib30BaH neTbip ex k aH an bH bi ii cTHMyjiaTop 
nanpa>KCHHeM h tokom (STG4004, Multi Channel Systems, Germany). CTHMyjiaijHa 
cocToana H3 n ocjt caob aTejibH octh AByxc])a3Hbix rrpaMoyrojibHbix HMnyjibcoB HanpaaceHHa 
(±600 mB h 300 mkc Ha oAHy (|)a3y, nepBaa nonoacHTejibHaa) c hh3koh nacTOTOH cjieAOBaHHa 
0.05-0.06 ru;. CTHMyjibi noAaBajiHCb nepe3 oahh sneKTpoA, KOTopbiii Bbi3biBaji ceTeBon 
OTBeT, peracTpHpyeMbiH Ha Apyrnx sjieKTpoAax. Ilocjie KaacAoro cTHMyjia BbiHHCJianocb 
hhcto HMnyjibcoB b HHTepBajie ot 40 ao 80 mc nocjie CTHMyjia. TeKymnn otbct (R/S) AJia 
KaacAoro CTHMyjia Ha 3aAaHHOM sneKTpoAe Bbinncjiajica xax cpeAHee hhcjio Bbi3BaHHbix 
HMnyjibcoB b OTBeT Ha npeAiuecTByiomHe 10 CTHMyjioB . KoHTpojibHaa CTHMyjiaijHa 
npoBOAHJiacb b TeneHHe 80 MHHyT (10 mhh - CTHMyjiaijHa, 5 mhh - nepepbiB). 3HaneHHa R/S 
AJia Bcex sjieKTpoAOB BbiHHCJiajioeb b TeneHHe cTHMyjiapHH nocjie KaacAoro CTHMyjia. Ilocjie 
npoBeAeHHa aanncH kohtpojibhoh CTHMyjiapHH Bbnmcjiajica CpeAHHH otbct M(R/S ) h 
cpeAHeKBaApaTHHHoe oTKjioHeHHe ot CpeAHero otbctb a(R/S) jjjw Been 3anHCH AJia KaacAoro 
sjieKTpoAa. KyjibTypbi nepeA HanajioM oSyneiiHa He noABeprajiHCb cTHMyjiapHH oahh nac. 

OSyneHHe npoBOAHJiocb Ha oahom Bbi6paHHOM sneKTpoAe, HMeiomeM sHaneHHe M (R/S) b 
AH ana30He ot 0. 1 ao 0.6 h cTaHAapraoe otkjiohchhc 0. 1 M(R/S ) < a (R/S) < 2 M(R/S ) b 

KOHTpOJIbHOH CTHMyjiapHH. Bbl6HpajIHCb TOJlbKO TBKHe 3JTCKTpOAbI, CTHMyjiaiJHa KOTOpbIX He 
npHBOAHJia k 3HanHTejibHbiM H3MeHeHHaM b oTBeTax R/S b TeneHHe tcctoboh cTHMyjiapHH. 
Ochobhbim napaMeTpoM npoTOKOJia aBjiajiocb noporoBoe 3HaneHHe otbctb R/S, KOTopbih 
BbiHHCJiajiea Ha ocHOBe otbctob b kohtpojibhoh cTHMyjiapHH. IloporoBoe 3HaneHHe R/S 
Bbi6Hpajioeb KaK ipaniina 10% HaH6ojibmHx 3HaneHHH R/S Ha Bbi6paHHOM sjieKTpoAe, 
KOTopbie Ha6jiK>AajiHCb b kohtpojibhoh cTHMyjiapHH. BbiHHCJieHHbie 3HaneHHa nopora aa» 
oOyneHHa BapbHpoBajiHCb ot 0.3 ao 0.7 b pa3Hbix 3KcnepHMeHTax. Ilpn ao cttdkchhh 
3HaneHHa R/S Ha Bbi6paHHOM sjieKTpoAe noporoBoro 3HaneHna bo BpeMa cTHMyjiapHH 
CTHMyjiapHa ocTaHaBjiHBajiacb aBTOMaTHnecKH Ha 5 MHHyT c noMombio o6paTHOH cBa3H. 
Ecjih noporoBoe 3HaneHHe R/S He 6 bijio 3aperacTpHpoBaHo b TeneHHH 10 MHHyT UHKjia, 
CTHMyjiapHa TaKace OTKjnonajiacb Ha nepnoA 5 MHHyT. 3aTeM uhkjt noBTopajica CHOBa. fljia 
KaacAoro UHKjia cTHMyjiapHH c o6paTHon cBa3bio perHCTpHpoBajiea napaMeTp T RIS - BpeMa 
AOCTHaceHHa noporoBoro 3HaneHHa R/S ot Haiajia CTHMyjiapHH. HHAHKaTopoM oSyneHna 
cjiyaouio 3HanHTejibHoe cnaAaHHe BpeMeHH AOCTHaceHHa nopora Ha Bbi6paHHOM sjieKTpoAe b 
T eneHHH 1-3 nacoB cTHMyjiapHH c o6paTHon cBa3bio. 
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3. PE3YJIBTATLI 

HccjreAyeM cHanajia oTBeT KyjrbTypbi Ha AJiHTejibHyio (80 MHHyr) HH3KOHacTOTHyio 
CTHMyjiapHio (0.05-0.06 Tu;) Bcex sjieKTpoAOB, Bbi3biBaiomyio nonyjiaijHOHHbiH otbct b ceTH. 
HacTOTy cTHMyjiaijHH noASnpaeM TaKHM o6pa30M, hto6bi KaK moucho Sojibiuee hhcjio 
HM nyjibcoB Bbi3biBajio ceTeBOH otbct b AnanaaoHe ot 20 ao 500 mc. Mbi HcnojibaoBajin 
nacTOTy 0.05 Tu; b oahom h 0.06ru; b neTbipex Apyrnx SKcnepHMeHTax. Otmcthm, hto b 
npeABiAJ^AKx HccjreAOBaHHHx npHMeHajracb 6ojiee BbicoKonacTOTHaa cTHMyjnmHa c 
nacTOTOH 0. 2-1.0 Tu; [14, 3]. Mbi yMCHbixiMJiM nacTOTy cTHMyjiapHH, nocKOJibicy CTHMyjibi c 
nacTOToii 0,1 Th, h 6ojiee He Bbi3biBajiH ceTeBoro otbctb b Hauinx SKcnepHMemax. Ochobhoh 
xapaKTepncTHKOH Bbi3BaHHbix nanex aBjiaeTca hhcjio HMnyjibcoB b HHTepBajie ot 40 ao 80 
mc nocjie cTHMyjia (pnc. IB). Otbct R/S nocjie KaacAoro cTHMyjia Bbinncjiajica xax cpeAHee 
hhcjio HMnyjibcoB Ha nocaeAHHe AecaTb cTHMyaoB. llpn nacTOTe 0.06 Tu; Ha sto TpeSyeTca 
2.8 MHHyr, npoTHB 50 ceicyHA upn nacTOTe 0.2 Tu; b npeacHHx HccjieAOBaHHax [14, 21, 3], 
/(jth oGyneHMa 0T6npajiHCb KyjibTypbi, b KOTopbix hhcjio HMnyjibcoB nocae CTHMyjia 3a 
nepBbie h nocaeAHHe 30 CTHMyaoB cTaTHCTHnecKH He oTjiHnajiHCb. 3 to corjiacyeTca c 
np e AtiAyiAHMH HCCJieAOBaHHaMH aahtcjibhoh CTHMyjiapHH b KyjibType kjictok [15, 26], 

B np e am A yni,Hx HccjieAOBaHHax [14, 19, 20, 21, 3] aa» npoTOKOJia o6yHeHHa BbiSnpajiHCb 
3jieKTpoAbi c xapaKTepHMMH 3HaHeHHaMH cpeAHeii bcjihhhhbi otbctob, M(R/S ) = 0,1, a 
3HaneHHe R/S, paBHoe 0.2, 6bijio noporoM AJia npeKpameHHa cTHMyjiapHH ("noAKpenjieHHe") 
Ha 5 MHHyr. B Haiunx 3KcnepHMeHTax mbi ycTaHOBHJiH, hto 38.2±8.4% sjieKTpoAOB b 
TeHeHHe kohtpojibhoh CTHMyjiaijHH hmcjih 0 < M(R/S) <0. 1 (5 KyjibTyp). Kojihhcctbo 
sjieKTpoAOB c 0 < M (R/S) < 0.5 6bijio 67.3±1 1.4% ot o6mero nncjia 3JieKTpoAOB (pnc. 2). 



Phc 2. Pacnpe^enenne cpe^nnx otbctob M(R/S) (cm. mcto^bi) no KonnnecTBy ojieKTpo/ioB b 
kohtpojibhoh cTHMyjispHH (n = 5). IIjiaHKH norpeniHocTen noKa3biBaioT cTan^apTiioe otkjiohchhc. 
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nHMAIUKHH h up. 



Phc. 3. A) ^HHaMHKa 3Ha i ieiratt oTBeTa R/S (hhcjio Bi.i3BaHHi.ix HMnyjn.coB b HHTepBajie 40-80 mc 3a 
Kaac/ibie 10 CTHMyjioB, cm. mctoabi) ajbi BwOpaimoro 3JieKTpo.ua b Teneime tcctoboh cTHMymmHH. 
CnHHe nyHKTHpHBie cTpejiKH yKa3i.iBaioT Ha momchtbi oTKJiioHeHHH cTHMyjT huhh Ha 5 MHHyr. B Ka'ac.Tott 
hoboh CTHMyjrapyromeH cep™ BbiHHCJieuHe aiianem™ R/S naHHHajioci. 3aH0B0 (ot nyaa). Kpacnaa 
ropH30HTajii.Haa jthiihh noKa3biBaeT noporoBoe 3HaneHHe R/S, Korapoe BBiOnpaiiocb /pia nocaejiyromero 
oOyHennH. B) Pacnpe.TeJTeHHe 3HaaeHHH R/S b kohtpojibhoh cTHMyaapHH /yia BwOpaimoro ajieKTpofla. 
Kpacnaa BepTHKaiii.naa jihhhh noKa3WBaeT noporoBoe ananeuHe R/S Bi.iOpamioe fljra oGyneiraa. 


Ha pHc. 3A H3o6paaceHa AHHaMHKa oTBeTOB R/S bo BpeMa kohtpojibhoh cTHMynapHH, 
HaSjnoAaeMaa Ha oahom Bbi6paHHOM sjreKTpoAe. Chhhmh cTpejiKaMH oTMeneHbi BpeMeHa 
OTKiHOHeHHa cTHMyjiapHH. OTMeTHM, hto KOJiHHecTBo HMnyjibcoB nocjie cxHMyjia o6jiaAaeT 
onpeAejieHHOH BapnaSejibHocTbio. KpHTepnervi oSyneHHa 6yAeM cwraTb 3HaHHTejibHoe 
CHHaceHHe BpeMeHH AOCTHaceHHa noporoBoro 3HaneHHa R/S iipn cTHMyjiaijHH. B xoAe 
HccjieAOBaHHa 6buro noKa3aHo, hto sto noporoBoe 3HaneHHe R/S MoaceT 6biTb 
aBTOMaTHHecKH ycTaHOBjreHo Ana BbiSpaHHoro sneKTpoAa b 3aBHCHM0CTH ot Ha6jiK>AaeMOH 
aKTHBHOCTH B KOHTpOJIbHOH CTHMyjTHAHH. PaCnpeAeJieHHe 3HaneHHH OTBeTOB AJia 
Bbi6paHHoro sjieKTpoAa H3o6paaceHo Ha pnc. 3B. YcTaHOBneHo, hto HaH6onee 3(})(})eKTHBHo 
o6yneHHe AOCTHraeTca npn Hcnojib30BaHHH nopora o6yneHHa, cooTBeTCTByiomero 
3HaHeHHIO BbICOKHM 3HaHeHHaM R/S (c BepOaTHOCTbK) noBTopeHHa 10%) (pnc. 3E). flaa 
o6yneHHa Bbi6npajica sneicrpoA, Ana xoToporo 0 < M(R/S) < 0,6 b KOHTpojibHOH cTHMyaapHH 
h ctbh A aprao e OTKjroHeHHe 0. 1 M(R/S ) < a (R/S) < 2 M(R/S). 



Phc 4. ^HHaMHKa BpeMeHH cTHMyaaipin TpeOyeMoro jim aocTHaceHira 3aaaimoro otbctb (KpHBaa 
oOyneHHa) A) IIpHMep kphboh oGynemia, nojiyneHHOH b o/ihom 3KcnepHMeirre. B) KpHBaa oOyneHHa, 
cpe.Tnee /pia 5 OKcnepHMeHTOB, nyHKTHpoM o6o3HaneHo CTanjiapTHoe oTKjioneHHe. 
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MOREJIh OEYHEHm HEHPOHHbIX CETEM B KYJIhTyPAX KJIETOK mnnOKAMIIA IN VITRO 


J\m Kaacaoro pnicna npn cTHMynapHH c o6paTHOH cBa3bio (o6yneHHH) 
perncTpnpoBanocb BpeMa aocTHaceHHa nopora - T R/S . 3aTeM nocjre o6yneHHa b TenennH 1-4 
nacoB cTpoHjiacb KpHBaa oSyneHna - T R/S (n), 3aBHCHM0CTb BpeMeHH aocTHaceHHa nopora ot 
HOMepa pnKjia (pnc. 4A). B Hanane aiccnepHMeHTa aocTHaceHHe noporoBoro 3HaneHHa R/S 
nponcxoanno cjiynanHo, 6naronapa BapHa6enbH0CTH Bbi3BaHHoro OTBeTa. /Jajree 
HaOjnoAajiocb yMeHbmeHne BpeMeHH aocTHaceHHa noporoBoro R/S, hto mbi 
HHTepnpeTHpoBajiH KaK oSyneHne. IIpenJioaceHHbiH npoToxon o6yneHHa 6bui npHMeHeH b 1 1 
3KcnepHMeHTax (6 KynbTyp). KpHBaa oSynenna j\m 5 ycneuiHbix 3KcnepnMGHT0B, 
npHBe^eHa Ha pnc. 4B. BpeMa T R/S 3HaHHTejibHo yMeHbmaeTca nepe3 14 phkjtob 
CTHMyjiapHH. B AByx cnynaax BpeMa cTHMynapHH, Tpe6yeMoe aJi» aocTHaceHHa aanaHHoro 
OTBeTa, yMeHbmajiocb yace Ha 2-3 cTHMynnpyiomeM pmcne. B cpeaHeM ana aocTHaceHHa 
noporoBoro R/S nocne o6yneHHa Tpe6oBanocb 1-2 MHHyrbi. TeM He MeHee, cpenHHe 
3HaneHHa R/S h cpeaHee hhcjio HMnynbcoB b oTBeTe j\n% 30 cTHMynoB no h nocne oOyneHna 
He OTnHnanHCb. YMeHbmeHHa T RIS no Hyna b KOHpe 3KcnepHMeHTa He Ha6nioaanocb. B 
HexoTopbix 3KcnepHMeHTax nocne 2-4 nacoB cTHMynapHH Ha6nioaanHCb BbicoKHe 3HaneHHa 
T r/s . TaKHe cnynan npHBoannH k yBennneHHK) ohih6kh Ha HexoTopbix ynacTKax 
ycpenHeHHOH kphboh oSyneHna. B 45.4% 3KcnepHMeHTax (5 H3 10) 6binn nonyneHbi 
pe3ynbTaTbi (pnc. 4B), KOTopbie HHTepnpeTHpoBanHCb icaic «ycneniHoe o6yneHne», hto b 
penoM cornacyeTca c pa6oTaMH [14, 3]. /Jna npoBepKH coxpaHeHHa aocTHrayroro scJxJieKTa 
o6yneHHa npHMeHanH CTHMynapnio c o6paTHOH CBa3bK> b TeneHne 30 MHHyr nepe3 4-6 
nacoB nocne ocTaHOBKH 3KcnepHMeHTa. B Tpex H3 neTbipex npoBepeHHbix TaicHM o6pa30M 
3KcnepHMeHTOB oOyneHne coxpaHanocb. /lanbHenmne npoBepKH noKaaann ncneaHOBeHMe 
3([)([)eKTa oOyneHna. 


4. 3AKIIOMI HH I 

B naHHofi pa6oTe 6bin npeanoaceH hobbih MeTon oOyneHna b ceTH KneTOK rHnnoKaMna, 
Bbipaniennbix Ha MynbTHsnerrpoaHbix MaTpmjax. MeTon pa3pa6oTaH Ha ochobc paHee 
ony6nHKOBaHHbix pa6oT [14, 3]. BaacHoft oco6eHHocTbio npeaJioaceHHoro MeTona aBnaeTca 
npHMeHeHHe nopora oOyneHna b cncTeMe c o6paTHoft cBa3bio, KOTopbifi BbinncnaeTca Ha 
ocHOBe 6a30Boii aKTHBHocTH oSynaeMoro ynacTica HeiipoHHOH ceTH (sneKTpoaa). /laHHbifi 
nonxon no3BonaeT npHMeHHTb npoToxon oSyneHna k 6onbHiHHCTBy sneKTpoaoB Ha 
MynbTH3neKTpoaHoii MaTpnpe, He HaicnanbiBaa cTpornx Tpe6oBaHHH k SaaoBofi aKTHBHocTH. 

Mbi npHMeHHnH npeanoaceHHbiH npoToxon oOyneHna, BbiSnpaa sneiapoabi co cpeaHHM 
3HaneHHeM R/S ot 0. no 0.5. Taxon Bbi6op sneicrpoaoB oSyneHna 6bin scJxJieKTHBeH b 5 
H3 1 1 3KcnepHMeHTOB (45.4). TaKHM o6pa30M, 3<fx|)eKTHBH0CTb npeanoaceHHoro npoToxona 
6bina cpaBHHMa c npeacHHMH HccneaoBaHHaMH. J\m aocTHaceHHa oSyneHna HeiipoHHOH ceTH 
Tpe6oBanocb, b cpeaHeM, 11-19 ipncnoB cTHMynapnn c o6paTHoft cBa3bio H3 KOTopbix b 5-10 
cnynaax aocTHranocb 3anaHHoe noporoBoe 3HaneHne R/S. IloKa3aHo, hto b pe3ynbTaTe 
o6ynenna HeiipoHHOH ceTH nponcxonaT H3MeHeHHa b ee ([lyHKpnoHanbHon cBa3aHH0CTH Ha 
MHoro 6onbimie, neM nocne HH3KonacTOTHOH cTHMynapnn 6e3 o6paTHOH cb33h [14, 20, 3]. 
TeM He MeHee, MexaHH3M sthx H3MeHeHHH ocTaeTca He H3BecTHbiM. OaHaico npennoaceHHbiH 
nonxon k oSyneHHK) Ha ocHOBe yHHKanbHocTH anHaMHKH aKTHBHocTH a jw pa3Hbix ynacTKOB 
HeHpoHHoii ceTH yKa3biBaeT Ha rnSicyio cTpyKTypy ceTH HeiipoHOB, o6nanaioiii;Hx icaic 
yHHKanbHbIMH OCo6eHHOCTaMH nHHaMHKH aKTHBHOCTH, TaK H 6a30BbIMH npHHH,HnaMH 
ananTapHH h oOyneHna. 

OyHaaMeHTanbHbie 3HaHHa h TexHonornn, nonyneHHbie npn HccneaoBaHHH oOyneHna b 
xynbTypax HeiipoHOB in vitro, aonacHbi co3naTb ocHOBy nepexona k hobbim - 

HeHpoMoptJiHbiM npHiiuHiiaM nocTpoemia HCKyecTBeHHoro HHTenneKTa. IlepeHoc 

MexaHH3MOB ananTHBHoro oSynenna HenponanbHbix nonynapHH, Ha MaTepHanbHyio 6a3y 
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nHMAIUKHH h up. 


COBpeMeHHOH TBepAOTejTbHOH 3JieKTpOHHKH, MOMCeT IipHBeCTH K HOBOMy 3Tany pa3BHTHa 
TeXHOHOrHH C03AaHHH HHTejlJieKTyaJlbHBIX H po6oTOTeXHHHeCKHX CHCTeM, 3a CHeT 
yHHKajibHoro coneTaHHa a^anTHBHocTH, Ha^eacHocTH h MacniTaGnpyeMocTn. B nacTHocTH 
3TH npHHHHbl IIOCJiyHCHJIH OCHOBOH AJia o6bHBJTeHHH KOMIiaHHeH IBM HHHUHaTHBbl 
KorHHTHBHbix BbiHHCJieHHH (cognitive computing) n HHBecTHUHH areHTCTBa DARPA b 
npoeKT SyNAPSE (Systems of Neuromorphic Adaptive Plastic Scalable Electronics) no 

C03^aHHK) BblHHCJlHTejlbHblX yCTpOHCTB, peaJIH3yiOmHX HenpOMOp(})Hbie npHHU,HnbI 

(https://www.fbo.gov/download/0b6/0b62b2149395d4bd8a28dfflb9046944/BAA08-28.doc) . 
OneBH^Ho Taxace, hto HOBbie TexHOJiornn co3AaHHa HenpoxoMiibioTepHbix HHTep^encoB, 
KOTopbie MoryT Sbitb pa3pa6oTaHbi Ha ocHOBe nccjieAOBaiiHH b AaHHon obnacTH, MoryT 6biTb 
a^anTHpoBaHbi ajth pememia pejioro pa^a npnxjTaAHbix 6noMeAHUHHcxnx aa^an - 
HenponpoTeanpoBaHHa, MOHHTopnHra n AnarHocTnxn pa6oTbi M03ra, AoxjTHHHuecxHx 
nccjie^oBaHHH neKapcTBeHHbix npenapaTOB. 

CraTba no^roTOBJTCHa npn (jjHHaHcoBon noAgepacxe MnHncTepcTBa o6pa30Bamia n HayKH 
Pocchhckoh OcAcpagHH, 01)11 «HccjieAOBaHHa n pa3pa6oTKH no npnopnTeTHbiM HanpaBJieHnaM 
pa3BHTna HayaHo-TexHHaecKoro KOMmieKca Poccnn Ha 2007-2013 roAbi», rocKOHTpaKT N° 
07.514.12.4031. 
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